For microorganisms and plants, nitrate and ammonium are the main nitrogen sources and they are also important signaling molecules controlling several aspects of metabolism and development. Over the past decade, numerous studies revealed that nitrogen transporters are strongly regulated at the transcriptional level. However, more and more reports are now showing that nitrate and ammonium transporters are also subjected to post-translational regulations in response to nitrogen availability. Phosphorylation is so far the most well studied post-translational modification for these transporters and it affects both the regulation of nitrogen uptake and nitrogen sensing. For example, in Arabidopsis thaliana, phosphorylation was shown to activate the sensing function of the root nitrate transporter NRT1.1 and to switch the transport affinity. Also, for ammonium transporters, a phosphorylation-dependent activation/inactivation mechanism was elucidated in recent years in both plants and microorganisms. However, despite the fact that these regulatory mechanisms are starting to be thoroughly described, the signaling pathways involved and their action on nitrogen transporters remain largely unknown. In this review, we highlight the inorganic nitrogen transporters regulated at the post-translational level and we compare the known mechanisms in plants and microorganisms. We then discuss how these mechanisms could contribute to the regulation of nitrogen uptake and/or nitrogen sensing.
Introduction
The macroelement nitrogen is a component of key molecules such as nucleic acids and proteins. It is thus an essential nutrient for all organisms, which can severely limit growth and development. Despite the presence of a significant amount of organic forms in some environments (e.g. forests), nitrogen is mainly present in inorganic forms (nitrate and ammonium) in most of the soils. The preferred nitrogen source can differ between organisms but they all have uptake systems allowing the acquisition of these two nitrogen forms, which rely on nitrate transporters (NRTs) and ammonium transporters (AMTs) located at the plasma membrane of the cells (Quesada et al., 1994; Marini et al., 1997; Pérez et al., 1997; Loqué, 2005; Tsay et al., 2007) . Regardless of the nitrogen source, suboptimal as well as excess nitrogen accumulation may both be harmful for the organisms. Thus, because the external availability of nitrogen is subjected to marked changes, preventing nitrogen deficiency or nitrogen toxicity requires tight regulation of the various nitrogen transporters (Forde, 2000; Loqué and von Wirén, 2004) .
Nitrate is a nitrogen source used by plants, algae, filamentous fungi, certain yeasts, and bacteria. In all of them, the nitrate assimilation pathway is highly conserved. Nitrate enters the cells via nitrate transporters and is successively reduced to nitrite and ammonium by nitrate and nitrite reductase, respectively. Nitrate uptake is strongly regulated in response to changes in the external nitrate availability or in the nitrogen demand of the organism. Two major mechanisms co-ordinately act to modulate nitrate uptake. The first one relates to the nitrate primary response, which is characterized by a rapid induction of the expression of nitrate transporters shortly after nitrate treatment (Galvan and Fernández, 2001; Medici and Krouk, 2014) . The second mechanism is a feedback repression exerted by the nitrogen status that down-regulates the expression of nitrate transporters. This repression is relieved when the organisms experience nitrogen limitation, resulting in a strong increase in nitrate uptake capacity (Siverio, 2002; Miller et al., 2008) . Many studies have also shown that nitrate is not only a nutrient, but also a very important signaling molecule (Llamas et al., 2002; Narendja et al., 2002; Navarro et al., 2003; Krapp et al., 2014) . For example, in plants, it can break seed dormancy (Alboresi et al., 2005) , regulate root system architecture (Remans et al., 2006a) , and induce leaf expansion (Walch-Liu et al., 2000) .
Similarly, expression of several ammonium transporter genes is strongly up-regulated by nitrogen starvation and is reduced upon ammonium supply (Marini et al., 1997; Loqué, 2005) . Ammonium represents the sole bioavailable nitrogen form for microorganisms and plants (nitrate use requires enzymatic conversion to ammonia). In yeast, ammonium is the preferred nitrogen source and it is, like nitrate, a signaling molecule, which can regulate pseudohyphal growth and rapidly activate a protein kinase A-mediated signaling pathway (Lorenz and Heitman, 1998; Van Nuland et al., 2006) Studies correlating transcript abundance of nitrogen transporters with ammonium or nitrate influx or employing promoter fusions to reporter genes have suggested that transcriptional control in response to nitrogen availability and nitrogen nutritional status is a major regulatory mechanism for nitrogen transporters (Lejay et al., 1999 (Lejay et al., , 2003 Glass et al., 2002; Yuan et al., 2007b) . However, over the past few years, more and more reports are pointing out that nitrogen transporters are also strongly regulated at the post-translational level (Wang et al., 2007; Wirth et al., 2007; Navarro et al., 2008; Lanquar et al., 2009; Neuhäuser et al., 2011; Engelsberger and Schulze, 2012; Laugier et al., 2012) . Post-translational regulation of nitrogen transporters is expected to be of high importance under conditions requiring rapid adaptation to sudden changes in N availability (Kiba and Krapp, 2016) . Furthermore, phosphorylation of specific nitrogen transporters seems to play an important role for the sensing of nitrate and ammonium (Ho et al., 2009; Boeckstaens et al., 2014) . Phosphorylation is the most well-studied post-translational regulation mechanism, which is known to affect protein localization (Navarro et al., 2008) , protein activity (Liu and Tsay, 2003) , or protein-protein interactions (Pawson and Scott, 1997) . In this review, the focus is on the post-translational regulation of inorganic nitrogen transporters responsible for the uptake of nitrogen in eukaryotic organisms. The known mechanisms are highlighted and their role in the regulation of nitrogen uptake and/or nitrogen sensing is discussed.
Nitrogen transporters regulated at the post-translational level in eukaryotes
Nitrate transporters
In eukaryotic organisms such as some yeast species (excluding Saccharomyces), filamentous fungi, and algae, the nitrate transporters responsible for the uptake from the external medium are NRT2 proteins, which correspond to the Nitrate Nitrite Porter (NNP) family and belong to the Major Facilitator Superfamily (MFS) (Pao et al., 1998) . Plants have another family of transporters, called NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER FAMILY (NPF) (previously named the NRT1/PTR family) (Nacry et al., 2013; Krapp et al., 2014) . The NPF members studied so far have a low affinity for nitrate (Leran et al., 2014) , except AtNPF6.3 (AtNRT1.1) and MtNRT1.3 (MtNPF6.8), which are dual-affinity transporters in Arabidopsis thaliana and Medicago truncatula, respectively (Liu and Tsay, 2003; Ho et al., 2009; Morere-Le Paven et al., 2011) . In contrast, NRT2 members are high-affinity nitrate transporters. Most of the NRT2 transporters require another component, a NAR2 (NRT3) protein, to mediate nitrate transport, except in yeast and filamentous fungi (Yong et al., 2010; Kotur et al., 2012) . Over the past decade, significant progress has been made in unravelling the molecular mechanisms involved in the regulation of these transporters at the transcriptional level (for reviews, see Siverio, 2002; Krapp et al., 2014; Sanz-Luque et al., 2015; O'Brien et al., 2016) . However, it seems more and more obvious that several nitrate transporters are also regulated at the post-translational level in different eukaryotic organisms.
In yeast, the use of nitrate and nitrite is restricted to relatively few species such as Hansenula polymorpha, which possesses a sole nitrate transporter (YNT1) responsible for the high-affinity transport of nitrate and nitrite into the cell (Pérez et al., 1997; Machín et al., 2004) . At the transcriptional level, YNT1 is induced by nitrate and repressed by the preferred nitrogen sources ammonium or glutamine (Siverio, 2002) . Although control of the transcription of YNT1 in response to the nitrogen source of the medium is the main mechanism that controls the level of protein, a rapid loss of YNT1 activity is observed in H. polymorpha, after addition of glutamine to cells grown in nitrate. This regulation is due to a post-translational control. When the cells are provided with nitrate at a suboptimal level, YNT1 is phosphorylated on Ser246. This mechanism prevents YNT1 delivery from the secretion route to the vacuole and, in conjunction with reduced ubiquitination, promotes accumulation of YNT1 at the plasma membrane, allowing yeast to utilize nitrate traces efficiently (Navarro et al., 2008) . Upon transfer to preferred nitrogen sources such as glutamine or ammonium, YNT1 is dephosphorylated, ubiquitinated on Lys253 and Lys270, and delivered to the vacuole for degradation (Navarro et al., 2006) .
The lower eukaryote Aspergillus nidulans possesses two nitrate transporters, NRTA and NRTB, which are involved in the uptake of nitrate when the concentration in the medium is high and low, respectively (Unkles et al., 2001) . NRTA and NRTB are both, like YNT1 in yeast, regulated at the transcriptional level by nitrate and reduced forms of nitrogen. However, it was shown that, in contrast to plants, filamentous fungal mutants, lacking nitrate reductase activity, show negligible depletion of nitrate from 500 µM solutions (Unkles et al., 2004) . This result has also been found in yeast and it has been interpreted as evidence that, in these organisms, nitrate uptake only occurred when genes encoding both a high-affinity nitrate transporter and a nitrate reductase are expressed (Unkles et al., 2004) . This points out that high expression of nitrate transporter genes is not sufficient per se to activate nitrate uptake by the cells, therefore suggesting post-transcriptional control. More recently, this mechanism was attributed to the post-translational regulation of NRTA. Indeed, the observed decrease in nitrate uptake in an A. nidulans nitrate reductase mutant is associated with elevated levels of NRTA at both the transcriptional and protein level, implying that NRTA may be present in an inactive form (Wang et al., 2007) .
Chlamydomonas reinhardtii has been used extensively to understand nitrate assimilation, and the extrapolation of the data obtained in this system to plants has led to remarkable progress. From the structural point of view, two families of proteins are involved in nitrate/nitrite transport in Chlamydomonas, just like in plants. They are NRT1 (NPF) and NRT2 (Crawford and Glass, 1998; Forde, 2000; Galvan and Fernández, 2001; Sanz-Luque et al., 2015) . However, in Chlamydomonas, the existence of an NRT1 (NPF) transporter is suggested only from the genome database, and a molecular/functional characterization of this system is still needed (Fernandez and Galvan, 2007) . The family of NRT2 genes is comprised of six members, which are responsible for the entry of nitrate and/or nitrite with high affinity into the cell. Nitrate and ammonium have opposite effects on their regulation at the transcriptional level, similar to other eukaryotes. At the post-translational level, NRT2.1 and NRT2.2, in Chlamydomonas, require the association with another protein called NAR2 to be active (Zhou et al., 2000; Fernandez and Galvan, 2008) . Furthermore, NO inhibits in a fast and reversible way the high-affinity nitrate/nitrite transporters NRT2.1 and NRT2.2 (Sanz-Luque et al., 2013) . The mechanism implicated in this regulation is not clear, but nitric oxide (NO) could trigger post-translational modifications, such as phosphorylation or S-nitrosylation, of these transporters or of the accessory protein NAR2.
Finally in plants, most of the functional studies for nitrate transporters were performed on A. thaliana. For root nitrate uptake, proteins encoded by two gene families have been shown to function as nitrate transporters: NRT1/PTR (NPF, 53 members) and NRT2 (seven members) (for a review, see Krapp et al., 2014) . Among them, NRT1.1 (NPF6.3) and NRT2.1, coding for a dual-and a high-affinity root nitrate transporter, respectively, are most well studied for the regulatory mechanisms. As in all the other eukaryotic organisms, root nitrate uptake is induced by nitrate and repressed by nitrogen metabolites in plants. In A. thaliana this is correlated with the regulation at the transcriptional level of NRT1.1 (NPF6.3) and NRT2.1 (Lejay et al., 1999; Cerezo et al., 2001; Filleur et al., 2001; Orsel et al., 2002) . However, recent studies revealed the importance of post-translational regulations for these two transporters both for nitrate uptake and for nitrate sensing.
Concerning the regulation of nitrate uptake, the dual affinity of NRT1.1 (NPF6.3) is due to phosphorylation of the Thr101 residue. When phosphorylated, NRT1.1 functions as a high-affinity transporter. When not phosphorylated, it works as a low-affinity transporter. This regulatory mechanism of NRT1.1 allows for rapid adaptation to changing nitrate levels (Liu et al., 1999; Liu and Tsay, 2003) . For NRT2.1, three phosphorylation sites were recently identified on Ser11, Ser28, and Thr521 (Engelsberger and Schulze, 2012; Menz et al., 2016) . Ser28 has been shown to be rapidly dephosphorylated, 5 min following resupply of high (3 mM or 10 mM) concentrations of nitrate, but remained phosphorylated under low (0.3 mM) nitrate (Engelsberger and Schulze, 2012) . This could indicate that this NRT2.1 post-translational modification is important for the regulation of root nitrate uptake in response to high nitrogen conditions. This result is supported by the fact that (i) the level of NRT2.1 protein in root plasma membrane is little affected by repressive conditions such as high nitrogen (Wirth et al., 2007) . Indeed, a significant decrease in the amount of NRT2.1 is only observed in plants transferred for at least 3 d on high nitrogen (10 mM ammonium nitrate or 5 mM nitrate) compared with plants grown on low nitrogen (0.3 mM or 1 mM nitrate) and (ii) nitrate uptake is still repressed by high nitrogen conditions when NRT2.1 is constitutively expressed under the control of the 35S promoter (Laugier et al., 2012) . Furthermore, as in Chlamydomonas, NRT2.1 activity is dependent on its association with the protein NAR2.1 in Arabidopsis, but also in barley, wheat, rice, and the moss Physcomitrella patens (Okamoto et al., 2006; Orsel et al., 2006) . In Arabidopsis, this interaction between NRT2.1 and NAR2 results in the formation of a complex of ~150 kDa. It suggests that the functional unit for high-affinity nitrate influx may be a tetramer consisting of two subunits each of NRT2.1 and NAR2.1 (Yong et al., 2010) . The regulation of the composition of this complex, for example by post-translational modifications, could then impact the level of root nitrate uptake, but is not documented to date.
Besides its role in nitrate transport, NRT1.1 also acts as a nitrate sensor responsible for a wide range of responses of the plant to nitrate, which exemplifies the transceptor (transporter with sensor function) paradigm in Arabidopsis (Ho et al., 2009; Gojon et al., 2011) . A point mutation, P492L in NRT1.1, uncouples transport and sensing: in the corresponding mutant plant (chl1-9), transport is impaired, while the sensing function, namely the induction of NRT2.1 expression, is still functional (Ho et al., 2009) . As is the case for regulation of NRT1.1 nitrate transport activity, post-translational modifications have also been involved in the control of its nitrate sensor function. NRT1.1-mediated nitrate signaling also exhibits a biphasic pattern switched by Thr101 phosphorylation, as the phosphorylated and non-phosphorylated forms of NRT1.1 do not have the same effect on their common target genes, or even regulate different clusters of genes in response to nitrate or high nitrogen. For instance, the nonphosphorylated form was proposed to be the most effective in triggering the primary nitrate response, whereas the phosphorylated form is responsible for down-regulation of genes repressed by high nitrogen supply (Ho et al., 2009; Bouguyon et al., 2015) . Furthermore, NRT1.1 was shown to regulate lateral root development in response to the external nitrate availability, through its ability to transport auxin in addition of nitrate (Krouk et al., 2010) . This capacity to transport auxin seems also to be dependent on the Thr101 phosphorylation since the phosphomimetic mutated form, NRT1.1-T101D, has a markedly higher auxin transport capacity in Xenopus oocytes compared with the phosphorylation-defective form, NRT1.1-T101A.
For NRT2.1, a role as sensor for the control of root development in response to nitrogen availability was also suggested (Little et al., 2005; Remans et al., 2006b ) However, no further information is available concerning the mechanisms involved in this putative function.
Ammonium transporters
The transport of ammonium across cellular membranes is carried out by a family of integral membrane proteins, that is conserved throughout all domains of life, the Ammonium Transporter/Methylammonium Permease/mammalian Rhesus proteins (AMT/MEP/Rh) (Winkler, 2006) . Members of this family of transporters share several properties, among them high affinity, high selectivity, and saturation at ammonium concentration <1 mM (Marini et al., 1997; Yuan et al., 2007a) . Crystal structures of bacterial AMT revealed a trimeric complex, with each monomer built from 11 transmembrane-spanning helices. Each of the three subunits has a pore that allows passage of ammonium. The 11th helix is connected to a cytosolic C-terminus that interacts physically with its own cytosolic loops and connects with several loops of the adjacent subunit (Andrade et al., 2005) . Phylogenetic analyses show that the cytosolic C-terminus is conserved in >700 AMT homologs, including bacteria, fungi, and plants.
In eukaryotes, most of the studies for the regulation of ammonium transporters were performed in the yeast S. cerevisiae and in the model plant A. thaliana. At the transcriptional level, the expression of ammonium transporters is largely dependent on nitrogen availability, as for nitrate transporters (Marini et al., 1997; Gazzarrini et al., 1999) . However, many different studies revealed the importance of post-translational regulation for the control of ammonium uptake activity. In the case of ammonium, this level of regulation could be particularly important for protection against ammonium toxicity by rapidly limiting ammonium uptake capacity at high external supply.
Saccharomyces cerevisiae possesses three ammonium transporters, MEP1, MEP2, and MEP3. The MEP2 transporter shows the highest affinity for ammonium (1-2 μM) and is, for now, the only ammonium transporter in S. cerevisiae, which has been studied for post-translational regulation (Marini et al., 1997; Boeckstaens et al., 2014) . Under poor nitrogen supply, MEP2 is phosphorylated on the Ser457 residue, which activates ammonium transport activity. In contrast, supplementation of the preferred nitrogen source glutamine leads to instant Ser457 dephosphorylation and MEP2 inactivation (Boeckstaens et al., 2014; van den Berg et al., 2016) .
Furthermore, MEP2 like NRT1.1 functions as an ammonium transceptor in fungal development (Lorenz and Heitman, 1998) . Under conditions of nitrogen limitation, MEP2 initiates a signaling cascade that results in a switch from the yeast form to filamentous (pseudohyphal) growth. As is the case for other transceptors, it is not clear how MEP2 interacts with downstream signaling partners, but the protein kinase A and mitogen-activated protein kinase pathways have been proposed as downstream effectors of MEP2 (Lorenz and Heitman, 1998; Rutherford et al., 2008) . These transport and sensing functions in MEP2 can be uncoupled by point mutations within the central loop (Van Nuland et al., 2006) . This concept of transporters also showing sensing functions-transceptors-was proposed as a general concept of yeast nutrient sensing (Holsbeeks et al., 2004) .
In Arabidopsis, AMT2.1 is the only member of the MEP subfamily, while five homologs, AMT1.1-AMT1.5 constitute the AMT clade (von Wiren et al., 2000) . Based on transcriptome and RNA gel blot analyses, four of the six AMT/MEP homologs in Arabidopsis are expressed in roots and up-regulated under nitrogen deficiency (Gazzarrini et al., 1999; Sohlenkamp et al., 2002; Birnbaum et al., 2003) . RNAi-mediated repression of AMT2.1 provided no evidence for a contribution of AMT2.1 to overall ammonium uptake (Sohlenkamp et al., 2002) , whereas root influx measurements in single or multiple T-DNA insertion lines showed that AMT1.1, AMT1.2, and AMT1.3 each contribute to a significant part of the overall high-affinity uptake capacity in nitrogen-deficient Arabidopsis plants Yuan et al., 2007a) . Like MEP2 in yeast, AMT1.1 exists in active and inactive states controlled by the spatial positioning of the C-terminus. Ammonium triggers the phosphorylation of a conserved threonine residue (Thr460) in the C-terminus of AMT1.1 in a time-and concentration-dependent manner (Loqué et al., 2007; Lanquar et al., 2009) . This phosphorylation of Thr460 in response to an increase in external ammonium correlates with a reduction of ammonium uptake activity in roots. It is interesting to note that, in contrast to the yeast MEP2 transporter, the inactive form of AMT1.1 under high ammonium corresponds to its phosphorylated state. It remains unknown why similar transporters such as AMT1.1 and MEP2 are regulated by phosphorylation in opposite ways (inactivation in plants and activation in fungi). However, unlike MEP2 or NRT1.1, AMT1.1 has not been involved in ammonium sensing (Lima et al., 2010) .
To date, only AMT1.3 was shown to trigger ammoniumdependent signaling responses, such as lateral root initiation in response to localized ammonium supply, suggesting a role in ammonium sensing for this transporter (Lima et al., 2010) . Interestingly, phosphoproteomics approaches also did not detect AMT1.3 Thr464 phosphorylation after ammonium re-supply (Engelsberger and Schulze, 2012) (Table 1 ). It may indicates that this residue is important for ammonium transport activity but not for ammonium sensing. Further conserved phosphorylation sites at several serine residues in the C-terminus (Table 1) of AMTs were identified (Durek et al., 2010) , but their precise role in control of ammonium transport are yet to be elucidated.
Known mechanisms involved in the post-translational modifications of nitrogen transporters

Phosphorylation of YNT1 and MEP2 by the NPR1 Ser/ Thr kinase
In H. polymorpha, the phosphorylation of YNT1 on Ser246, in response to nitrate deprivation, has been shown to depend on the Nitrogen Permease Reactivator 1 (NPR1) Ser/Thr kinase (Martin et al., 2011) . Interestingly, this kinase is also involved in the phosphorylation of the ammonium transporter MEP2 (at Ser457) in S. cerevisiae but also in Candida albicans (at Ser453) (Neuhauser et al., 2011; Boeckstaens et al., 2014) . However, for MEP2, the phosphorylation is not linked to synthesis, plasma membrane targeting, and stability as it is the case for YNT1. NPR1 instead exerts a positive control on MEP2 by mediating Ser457 or Ser453 phosphorylation, which in turn silences a C-terminal autoinhibitory domain of the transport protein. Indeed, compared with YNT1, MEP2 works as a trimer, and structural data of bacterial MEP-AMT trimers indicate that the conserved domain of the C-terminus of one monomer interacts with internal loops of its own subunit and with the loops of the contiguous one (Boeckstaens et al., 2014) . The recent X-ray crystal structures of the MEP2 orthologs from S. cerevisiae and C. albicans confirmed this hypothesis and showed that the phosphorylation site in the C-terminal region is solvent accessible and located in a negatively charged pocket ~30 Å away from the pore exit. Under nitrogen-sufficient conditions, the transporter MEP2 is not phosphorylated and the C-terminus occludes the cytoplasmic exit of the pore (van den Berg et al., 2016) . In the phosphorylated state, the C-terminal region is moved away from the pore, allowing transport.
The TOR signaling pathway controls NPR1 activity in response to nitrogen source quality (Schmidt et al., 1998) . TOR is a conserved serine/threonine kinase forming two functionally distinct complexes (TORC1 and TORC2) and controlling cell growth upon integration of environmental cues such as nutritional availability and energy status inputs. Growing evidence suggest that TORC1 is involved in vesicle trafficking and may also sense the cellular nutrient status in endogenous membrane structures (MacGurn et al., 2011) . The inactivation of TORC1 by incubation in a poor nitrogen source results in the predominance of the non-phosphorylated active form of NPR1. However, in good nitrogen sources, where TOR is active, NPR1 is phosphorylated and inactive (Schmidt et al., 1998) .
In plants or algae, to date there is no direct evidence for the involvement of TOR signaling in the regulation of nitrogen transporters (Dobrenel et al., 2016) . However, a receptor-like kinase, called CAP1, has recently been involved in the regulation of ammonium influx across the vacuolar membrane in roots (Bai et al., 2014) . This is illustrated by ammonium accumulation in the cytoplasm of cap1 knockout mutants. Interestingly, CAP1 is able to complement the NPR1 kinase yeast mutant functionally, showing that CAP1 is able to phosphorylate MEP2 (Bai et al., 2014) . Thus, CAP1 in plants, like NPR1 kinase in yeast, is required for the optimal uptake activity of ammonium transport systems, indicating that CAP1 is involved in ammonium sensing and transport system activation in plants (Bai et al., 2014) . One possible mechanism for the modulation of ammonium influx by CAP1 in plants is that ammonium accumulation induces the activation of CAP1 for phosphorylation of unknown targets. Even if, for now, the targets of CAP1 are unknown, it would be interesting to test if it affects the phosphorylation and activity of the root ammonium transporters. Indeed, AMT1.1 in plants, like MEP2 in yeast, works as a trimer, whose activity depends on the phosphorylation state of the Thr460 residue in response to an increase in external ammonium (Loqué et al., 2007) . For ammonium transporters at least, the phosphorylation of the C-terminus could then represent a general mechanism to modulate ammonium uptake activity quickly as a function of the cellular level, in order to avoid ammonium toxicity efficiently. (Durek et al., 2010) Missed cleaved versions of peptides covering the same phosphorylation sites were omitted. Phosphosites are in bold.
Name
Phosphopeptide Position
Phosphorylation of NRT1.1 by CIPK23
The kinase responsible for NRT1.1 phosphorylation at Thr101 was identified as the CBL-interacting protein kinase CIPK23, a member of the SNRK3 kinase family (Ho et al., 2009) . To date, this is the only protein kinase which has been characterized for the phosphorylation of root nitrogen transporters in plants. NRT1.1 phosphorylation by CIPK23 involves interaction with CBL9 (Ho et al., 2009) , and is important for (i) the functional switch between NRT1.1 high-affinity and lowaffinity transport modes (Liu and Tsay, 2003) ; (ii) promoting its capacity to transport auxin (Bouguyon et al., 2015) ; and (iii) down-regulating the primary nitrate response of genes such as NRT2.1 (Ho et al., 2009) . Structural analyses recently suggested that phosphorylation of NRT1.1 at Thr101 controls dimerization and/or structural flexibility of NRT1.1 (Parker and Newstead, 2014; Sun et al., 2014) . When nitrate is abundant, NRT1.1 is dephosphorylated and the transporter adopts a dimeric conformation with lower structural flexibility which functions as a low-affinity transporter. When the environmental nitrate concentration drops, NRT1.1 becomes phosphorylated on the Thr101 residue at the dimer interface, which decouples the NRT1.1 dimer (Fig. 1) . As a result, the phosphorylated transporter gains increased structural flexibility and uptake activity, and works as a highaffinity nitrate transporter. Interestingly, the kinase CIPK23 has also been involved in the regulation of other transport processes, such as potassium transport. Specifically, CIPK23 was shown to phosphorylate the high-affinity potassium transporter HAK5 at the N-terminus, leading to activation of potassium uptake (Ragel et al., 2015) . CIPK23 has also been suggested to regulate the activity of the potassium channel AKT1 (Xu et al., 2006; Wang et al., 2016) and has been connected to the regulation of iron transport by affecting the activity of the ferric chelate reductase (Tian et al., 2016) .
In this context, CIPK23 could be of general interest and participate in the integration of different signaling pathways to co-ordinate the transport of various mineral nutrients in the plant. Furthermore another protein kinase, belonging to the family of CBL-interacting protein kinases, CIPK8, has been shown to be involved in the regulation of the primary nitrate response . Analysis of knockout mutants showed that CIPK8 positively regulates the nitrate-induced expression of primary nitrate response genes. However, the targets of CIPK8 are as yet unknown. However, it seems that beyond CIPK23 these plant kinases are of particular interest for the regulation of root nitrogen transporters. This is supported by the fact that CIPKs interact with the CBL (calcineurin-B like) sensors and that the calcium ion has recently been found to be a second messenger in the nitrate signaling pathway (Batistic and Kudla, 2012; Riveras et al., 2015) .
Role of the post-translational regulations in nitrogen uptake and nitrogen sensing
Regulation of nitrogen uptake activity
From the above bibliographic analysis it seems that a general trend for the regulation of nitrogen uptake transporters is preferentially linked to the phosphorylation of specific residues. This is true for MEP2 and AMT1.1, which are regulated by the phosphorylation of Ser457 and Thr460, respectively; for NRT1.1, whose phosphorylation on Thr101 allows the switch from low-to high-affinity nitrate and auxin uptake; and for YNT1, which is activated by the phosphorylation on Ser246 (Liu and Tsay, 2003; Loqué et al., 2007; Navarro et al., 2008; Lanquar et al., 2009; Bouguyon et al., 2015) . The highly conserved threonine residue in the AMT1 family suggests that this mechanism is conserved for all three Fig. 1 . Model of NRT1.1 regulation by phosphorylation in Arabidopsis thaliana. Dark green circles indicate the Thr101 phosphorylation site on NRT1.1 and putative phosphorylation of CIPK23 and CBL1/9 in low nitrate conditions. At low nitrate, the complex CIPK23/CBL1 or CIPK23/ CBL9 phosphorylates NRT1.1 on Thr101. This phosphorylation modifies NRT1.1 in its high affinity-low capacity conformation for nitrate transport and high capacity conformation for auxin (IAA) transport. Upon nitrate addition, the CIPK23/CBL1 or CIPK23/CBL9 complexes are thought to be dephosphorylated. In those conditions, NRT1.1 is not phosphorylated and forms a homodimer with a low affinity-high capacity for nitrate transport.
ammonium transporters in Arabidopsis (Fig. 2) . In contrast, for MEP proteins, the serine residue is not well conserved, pointing to different regulatory mechanisms (Fig.   2 ). This is supported by recent findings showing that despite the fact that both MEP2 and MEP1/3 regulation is mediated by TORC1-NPR1, the molecular mechanisms involved are different (Boeckstaens et al., 2015) . As explained previously, for MEP2, NPR1 enables C-terminal phosphorylation, thereby silencing an autoinhibitory domain and allowing MEP2 activity (Fig. 3) . However, for MEP1/3, NPR1 mediates the phosphorylation of a protein of unknown biochemical function called AMU1, which in that form remains cytosolic. Under preferred nitrogen supply, NPR1 is hyperphosphorylated and inhibited, and in these conditions AMU1 is dephosphorylated, accumulates at the cell surface, and physically interacts with MEP1 and MEP3 to inactivate these two transporters (Fig. 3) (Boeckstaens et al., 2015) . In this context, it is interesting to note that MEP2 has a unique status of ammonium transceptor in yeast. The existence of different molecular mechanisms of activity control could then enable discrimination between both subfamily members and fine-tune each regulatory process in response to specific physiological parameters (Boeckstaens et al., 2015) . Likewise, it is interesting to note that Thr101 is a fairly well conserved residue in NRT1 homologs both in Arabidopsis and across different species, and especially in AtNRT1.1 and MtNRT1.3, which have been shown to be dual-affinity nitrate transporters (Fig. 4) (Morere-Le Paven et al., 2011; Sun et al., 2014) . It suggests that this residue is specifically responsible for the dual affinity for nitrate. However, if a change in flexibility, due to Thr101 phosphorylation, has been proposed to explain the switch from high to low affinity, it is not clear yet what can explain the substrate recognition between nitrate and auxin for NRT1.1. In Arabidopsis, His356, on TM7, has been shown to be critical in nitrate recognition for NRT1.1 (Parker and Newstead, 2014) . Mutation of this residue eliminates nitrate uptake at both high and low nitrate concentrations, but data are still needed to show if this residue is also important for auxin transport. However, interestingly, His356 is poorly conserved in other transporters of the NRT1/PTR family and especially in NRT1.2, which has been shown to transport abscisic acid (ABA) and not auxin (Fig. 4) (Kanno et al., 2012 (Kanno et al., , 2013 Parker and Newstead, 2014) . The unique chargeable His356 residue at the substrate's binding pocket provides a plausible explanation for NRT1.1 substrate specificity, and sequence differences in the substrate-binding sites may explain why NRT/PTRs are able to recognize substrates as diverse as nitrate, peptides, amino acids, glucosinolates, and plant hormones (Léran et al., 2014) . This hypothesis has also been put forward for MEP2 because of the lack of conservation of the His194 residue, involved in substrate recognition, in both MEP1 and MEP3 (Fig. 2) . Boeckstaens et al. (2008) suggest that this discrepancy may support the hypothesis that MEP2 transports ammonia while MEP1 and MEP3 transport ammonium. Conversely, NRT2 and AMT1 transporters have very well conserved nitrate and ammonium-binding sites, respectively, suggesting that they only transport nitrate or ammonium (Figs 2, 5) . Concerning the phosphorylation of YNT1 on Ser246, this residue is only conserved in the transporter CRNA and is absent in all the NRT2 transporters, which require NAR2 protein to transport nitrate (Fig. 5 ). This suggests the existence of different molecular mechanisms in fungus compared with algae and plants. Currently, nothing is known concerning the exact role of NAR2 proteins, and the mechanisms involved in their interaction with NRT2 proteins remain largely obscure. The clear discrepancy between the C-terminal sequence of CRNA/YNT1 and the other NRT2 indicates that this protein domain could play an important role for the interaction with NAR2 and the regulation of NRT2 uptake activity. This is supported by a study performed on barley showing that the Ser463 residue located in the C-terminus of the protein is required for the Fig. 3 . Model of MEP2 and MEP1/3 regulation by phosphorylation in yeast. Dark green circles indicate phosphorylation sites. At low ammonium, TORC1 is poorly active and NPR1 is hypophosphorylated and able to mediate the phosphorylation of MEP2 and AMU1. The phosphorylated form of AMU1 remains cytosolic and does not interact with MEP1 and MEP3, which are kept active. The phosphorylation of MEP2 on Ser457 silences an autoinhibitory domain and allows MEP2 activity. Under high nitrogen conditions, TORC1 is up-regulated; NPR1 is hyperphosphorylated and inhibited. In these conditions, AMU1 is dephosphorylated and accumulates in the plasma membrane. It physically interacts with MEP1 and MEP3 and mediates inhibition of ammonium transport. The non-phosphorylated autoinhibitory domain of MEP2 prevents the enhancer domain from activating the transport protein.
interaction between HvNRT2.1 and HvNAR2.1 (Ishikawa et al., 2009) . However, this residue is only conserved in NRT2.1 transporters from algae and monocotyledons, but not in dicotyledons, suggesting again the existence of several molecular mechanisms for the control of the interaction between NAR2 and NRT2 (Fig. 5) . Furthermore, two splice variants of the rice OsNRT2.3 differ in their capacity to interact with OsNAR2.1. Unlike OsNRT2.3a, the shorter variant OsNRT2.3b did not show any interaction with OsNAR2.1 using the yeast two-hybrid system (Yan et al., 2011) and, accordingly, did not require co-injection with OsNAR2.1 to transport nitrate in Xenopus oocytes (Feng et al., 2011) . Compared with OsNRT2.3a, OsNRT2.3b has a 30 amino acid deletion in the N-terminal part of the protein, suggesting that this domain, and not the C-terminus of these proteins, is involved in the interaction with OsNAR2.1.
Regulation of nitrogen sensing
Surprisingly, very little information is available concerning the mechanisms involved in the sensing of nitrogen by the transporters, even in the simplest organisms such as yeast. The difficulty seems to reside in the more and more complex picture emerging from the various studies and showing that (i) the transceptors identified such as MEP2 and NRT1.1 have multiple sensing/transduction mechanisms, able to activate independent responses, depending on the environmental conditions (Lorenz and Heitman, 1998; Van Nuland et al., 2006; Bouguyon et al., 2015) and (ii) the sensing function, unlike the transport activity, does not correspond to specific sites in the sequence of the nitrogen transporters (Van Nuland et al., 2006) . With respect to MEP2-mediated signaling to induce pseudohyphal growth, two models have been put forward as to how this occurs and why it is specific to MEP2. In one model, signaling is proposed to depend on the nature of the transported substrate, which, as explained above, might be different in certain subfamilies of ammonium transporters (e.g. MEP1/MEP3 versus MEP2). For example, ammonia uniport or symport of ammonia/proton results in changes in local pH, but ammonium uniport might not, and this difference might determine signaling specificity (Boeckstaens et al., 2008) . In the other model, signaling is thought to require a distinct conformation of the MEP2 transporter occurring during the transport cycle (Rutherford et al., 2008) . The recently published crystal structure of MEP2, even if it did not specifically address the mechanism of signaling underlying pseudohyphal growth, shows, however, that MEP2 proteins can assume different conformations (van den Berg et al., 2016) . The crystal structure of NRT1.1 also revealed a change of conformation regulated by the phosphorylation of Thr101. Furthermore, Thr101 phosphorylation has been shown to direct the action of NRT1.1 towards the activation of specific responses (lateral root development and feedback regulation by high nitrogen), pointing out a crucial signaling function of the phosphorylated form of the protein (Bouguyon et al., 2015) .
Altogether, these studies seem to indicate that the signaling mechanism triggered by those transceptors is linked to conformational changes of the transporters and that, at least in the case of NRT1.1, phosphorylation can also play an important role to regulate both nitrogen uptake activity and nitrogen sensing. If changes of conformation are involved, it could also explain why the attempts to identify specific residues and/ or motifs corresponding to the sensing function have not been successful. Indeed, the modification of residues at different locations in the protein could affect the conformation of the protein in a way that could prevent the sensing function but not the transport activity, and vice versa. This is, for example, the case for K210A or R211G substitutions in MEP2, which both prevent pseudohyphal growth without affecting ammonium uptake or for P492L substitution in NRT1.1, which affects nitrate transport activity without changing the activation of the primary nitrate response (Figs 2, 5) (Van Nuland et al., 2006; Ho et al., 2009; Bouguyon et al., 2015) .
Furthermore, the change of conformation could also be linked to the nature of the element transported. This would explain, for example, why in MEP2, the H194E substitution, which is suspected to favor the transport of ammonium instead of ammonia, only affect pseudohyphal growth without changing its capacity to transport ammonium (Boeckstaens et al., 2008) . It could also provide an explanation for the wide range of responses to nitrate triggered by NRT1.1, depending on its conformation and the substrate transported (nitrate or auxin). This concept is supported by the data obtained in yeast for the amino acid transceptor GAP1 (Van Zeebroeck et al., 2014) . Different substrates bind to partially overlapping binding sites in the same general substrate-binding pocket of GAP1, triggering divergent conformations, resulting in different conformation-induced downstream processes.
Conclusion
Despite remarkable advances over the past few years, revealing the important role of post-translational regulations for the control of nitrogen transporter activity and nitrogen sensing, many intriguing and important aspects of this field remain elusive and represent important topics for further investigations.
The main post-translational modification studied so far is phosphorylation and it appears to be an important regulatory mechanism for both the control of the activity of nitrogen transporters in response to the environment and for the sensing of nitrogen. However, currently, these modifications have been studied only for a small subset of nitrogen transporters such as MEP2, AMT1.1, and NRT1.1, while recent studies revealed N-induced conditional phosphorylation sites in other important root N transporters such as NRT2.1 and AMT1.3 (Table 1) . As these two transporters are also suspected to work as transceptors, further investigations to understand the role of these phosphorylation sites might reveal important regulatory mechanisms for nitrogen uptake and sensing. Furthermore, other post-translational modifications such as ubiquitination could also be important and they have for now only been reported for the yeast nitrate transporter YNT1. For NRT2 transporters specifically, the mechanism and the exact role of the association with NAR2 partner proteins also need to be investigated further. Finally, a major challenge for the future resides in deciphering the signaling pathways involved in (i) the phosphorylation of the nitrogen transporters and (ii) the sensing mechanisms. For now, only two protein kinases, NPR1 in yeast and CIPK23 in plants, have been clearly identified, and almost nothing is known concerning the multiple sensing/transduction mechanisms activated by the transceptors.
